Respiratory syncytial virus (RSV) is a major cause of pneumonia and bronchiolitis in infants and elderly people. Currently there is no effective vaccine against RSV, but passive prophylaxis with neutralizing antibodies reduces hospitalizations. To investigate the mechanism of antibody-mediated RSV neutralization, we undertook structure-function studies of monoclonal antibody 101F, which binds a linear epitope in the RSV fusion glycoprotein. Crystal structures of the 101F antigen-binding fragment in complex with peptides from the fusion glycoprotein defined both the extent of the linear epitope and the interactions of residues that are mutated in antibody escape variants. The structure allowed for modeling of 101F in complex with trimers of the fusion glycoprotein, and the resulting models suggested that 101F may contact additional surfaces located outside the linear epitope. This hypothesis was supported by surface plasmon resonance experiments that demonstrated 101F bound the peptide epitope ϳ16,000-fold more weakly than the fusion glycoprotein. The modeling also showed no substantial clashes between 101F and the fusion glycoprotein in either the pre-or postfusion state, and cell-based assays indicated that 101F neutralization was not associated with blocking virus attachment. Collectively, these results provide a structural basis for RSV neutralization by antibodies that target a major antigenic site on the fusion glycoprotein.
Respiratory syncytial virus (RSV) belongs to the Paramyxoviridae family of enveloped, negative-sense, single-stranded RNA viruses and is a major cause of lower respiratory tract infections in infants and the elderly (14, 16) . In the United States, RSV causes more than 100,000 hospitalizations annually (36) , and it is estimated to cause about 160,000 deaths globally each year (2) . Currently there is no vaccine for RSV, and a trial with a formalin-inactivated virus was associated with increased disease severity in infants upon infection with RSV (22) . The vaccine-enhanced illness was associated with elicitation of low-avidity antibodies (11) , eosinophilic infiltration (22) , and immune complex deposition in small airways (35) . Until a vaccine is approved, hospitalizations resulting from RSV infection can be reduced by monthly injections of the monoclonal antibody (MAb) palivizumab (Synagis) (19) .
RSV-neutralizing antibodies bind to epitopes on the fusion (F) glycoprotein or the attachment (G) glycoprotein (41) . Neutralizing epitopes on the F glycoprotein were originally mapped by identifying amino acids that were altered in antibody escape variants and by assessing antibody binding to RSV F-derived peptides (3) . These studies demonstrated neutralizing antibodies are often targeted to two distinct linear epitopes. Antigenic site II (also called site A) includes residues 255 to 275 and is the target of palivizumab (3, 5) . This epitope was predicted to be conformationally dependent (27) , and the structure of a more potent derivative of palivizumab in complex with this epitope revealed that the linear epitope adopts a helix-loop-helix conformation (31) . Antigenic site IV (also called site C) includes residues 422 to 438 (3, 5) and is the target of antibodies MAb19 (3) and 101F (44) . MAb19 was humanized and tested in clinical trials but failed to show significant efficacy (21, 32, 38) . This epitope is C-terminal to the cysteine-rich region and is part of domain II, which in homologous paramyxovirus F glycoproteins remains structurally unchanged between pre-and postfusion conformations (46) . We undertook structural and functional studies of the interaction between 101F and its epitope on the RSV F glycoprotein to investigate the mechanism of antibody-mediated RSV neutralization. Here we present the crystal structure of the antigen-binding fragment (Fab) of 101F in complex with its F glycoprotein-derived epitope peptide. The structure defined the length of the linear epitope and allowed for modeling of 101F binding to pre-and postfusion F trimers. Hypotheses based on these models were tested to investigate the mechanism of 101F neutralization and the extent of the epitope. These results are analyzed and discussed in the context of known antibody escape mutations, mechanisms of antibodymediated virus neutralization, and applicability to epitope-specific vaccine design.
MATERIALS AND METHODS
Viruses and cells. Viral stocks were prepared and maintained as previously described (15) . RSV expressing green fluorescent protein (RSV-GFP) was constructed and provided by Mark Peeples and Peter Collins, as previously reported (17) . The titer of the RSV-GFP stocks used for flow cytometry-based neutral-ization and fusion assays was 2.5 ϫ10 7 PFU/ml. The titer of the RSV A2 stock used for the attachment assay was 1.02 ϫ10 8 PFU/ml. HEp-2 cells were maintained in Eagle's minimal essential medium containing 10% fetal bovine serum (10% EMEM) and were supplemented with 2 mM glutamine, 10 U of penicillin G per ml, and 10 g of streptomycin sulfate per ml.
Measurement of antibody-mediated neutralization. Antibody-mediated RSV neutralization was measured as described in reference 8. Briefly, RSV-GFP was added to HEp-2 cells and infection was monitored as a function of GFP expression at 18 h postinfection by flow cytometry. Data were analyzed by curve fitting and nonlinear regression (Prism; GraphPad Software Inc., San Diego, CA).
Attachment assay. The flow cytometry-based attachment assay was modified from a similar assay performed on adherent cells (6) . Briefly, HEp-2 cells were dispersed into medium from plastic flasks by using a cell dissociation solution (Cellstripper; Mediatech Inc., Herndon, VA), washed with cold phosphate-buffered saline (PBS), seeded at 5 ϫ10 4 /well in 96-well U-bottom plates in 10% EMEM, and chilled for 1 h at 4°C before use. Antibodies and heparin (Sigma, St. Louis, MO), a known RSV attachment inhibitor, starting from 100 g/ml, were distributed in 11 serial 4-fold dilutions and then mixed with 5 ϫ 10 6 PFU virus (RSV A2 strain) for 1 h at 37°C. Medium from chilled cells was removed after centrifugation for 5 min at 1,500 rpm, and 100-l aliquots of virus or mixtures of virus and reagents were added to chilled cells and incubated for 1 h at 4°C. After incubation, cells were washed three times in cold PBS to remove unbound virus and then fixed with 0.5% paraformaldehyde. Viruses bound on cells were detected with a 1:1,000 dilution of fluorescein isothiocyanate-conjugated goat anti-RSV antibody (Biodesign International, Saco, ME) for 45 min at 4°C. Cells were washed in cold PBS and evaluated by flow cytometry (LSR II instrument; Becton Dickinson, San Jose, CA). Median fluorescence intensities of bound virus were analyzed with FlowJo software, version 8.5 (Tree Star, San Carlos, CA).
Virus-to-cell fusion inhibition assay. HEp-2 cells were seeded at 5 ϫ10
4
/well in 96-well plates, cultured for 24 h at 37°C, and then chilled at 4°C for 1 h prior to assay. RSV-GFP was added to prechilled cells for 1 h at 4°C, and then cells were washed three times in cold PBS to remove unbound virus. Next, 100 l of serially diluted antibodies (starting concentration, 1 mg/ml) ranging from 1:10 to 1:40,960 were added to chilled cells and incubated 1 h at 4°C before transferring to 37°C for 18 h. After incubation, cells were trypsinized to achieve a single-cell suspension, fixed in 0.5% paraformaldehyde, and analyzed on an LSR II instrument (Becton Dickinson, San Jose, CA) to determine frequencies of GFPexpressing cells. Data were analyzed with FlowJo software, version 8.5 (Tree Star, San Carlos, CA) and by curve fitting and nonlinear regression (Prism; GraphPad Software Inc., San Diego, CA) to determine the percent neutralization at a given antibody concentration and the 50% effective concentration (EC 50 ).
101F IgG cloning, expression, and purification. Two codon-optimized DNA fragments encoding the variable heavy and light chains of murine 101F (A. Del Vecchio, P. Tsui, P. J. Branigan, L. Conrad, N. Day, C. Liu, R. Sweet, S.-J. Wu, J. A. Melero, J. Luo, G. Canziani, M. Tornetta, G. Raghunathan, and V. Koka, U.S. patent application 11/261,356) were synthesized by GeneArt and cloned in-frame into pVRC8400 (4) mammalian expression vectors containing murine IgG1 heavy and light constant domains, respectively. Both vectors were cotransfected at a 1:1 ratio into HEK293F cells (Invitrogen, Carlsbad, CA) in serum-free 293Freestyle medium (Invitrogen, Carlsbad, CA). After 3 h, valproic acid (Sigma, St. Louis, MO) was added to a 4 mM final concentration. Expression lasted for 5 days at 37°C with 10% CO 2 and shaking at 125 rpm in disposable flasks. The supernatant was collected, filtered, and passed over protein G-agarose resin (Pierce, Waltham, MA). After washing with 6 column volumes of PBS, the resin was eluted with 3 column volumes of IgG elution buffer (Pierce, Waltham, MA) and immediately neutralized with 1 M Tris, pH 8.0. The eluted antibody was dialyzed against PBS and stored at 4°C.
101F Fab fragment preparation. Protein G-purified 101F IgG was reduced with 100 mM dithiothreitol at 37°C for 1 h and then alkylated with 2 mM iodoacetamide for 48 h at 4°C. Alkylated 101F IgG was digested with ficin (Sigma, St. Louis, MO) in the presence of 20 mM L-cysteine and 1 mM EDTA at 37°C for 1 h. The reaction was quenched by the addition of iodoacetamide to a final concentration of 40 mM, and then the mixture was passed over protein A-agarose. The Fab-containing flowthrough fraction was purified over a Superdex 200 gel filtration column, and concentrated aliquots were stored frozen at Ϫ80°C.
Protein crystallization and data collection. A peptide with the sequence ST ASNKNRGIIKTFS was synthesized by American Peptide with an acetylated N terminus and an amidated C terminus. This peptide corresponds to residues 422 to 436 of the RSV F glycoprotein with a C422S substitution. The peptide was dissolved in water, and a 5-fold molar excess was incubated with 101F Fab for 1.5 h at 22°C. The complex was concentrated to ϳ8.5 mg/ml, and 576 crystalli- . These crystals were manually reproduced in hanging drops by mixing 0.9 l protein complex with 0.9 l of the initial reservoir solution containing a range of PEG 4000 concentrations. After 2 days, long rods were observed in wells containing 16% (wt/vol) PEG 4000, and these crystals were flash-frozen in liquid nitrogen in 15% (wt/vol) PEG 4000, 15% (vol/vol) 2R,3R-butanediol, 0.2 M lithium sulfate monohydrate, 0.1 M Tris-HCl (pH 8.5) and loaded into a cryopuck. Data to 1.95 Å were collected at a wavelength of 0.826 Å at the SER-CAT beamline ID-22 using the robot automounter (Advanced Photon Source; Argonne National Laboratory).
Similar procedures were used to crystallize the complex between 101F Fab and a longer peptide (STASNKNRGIIKTFSNG), corresponding to residues 422 to 438 of the RSV F glycoprotein with a C422S substitution. Data to 2.87 Å were collected at a wavelength of 1.000 Å at the SER-CAT beamline BM-22 (Advanced Photon Source; Argonne National Laboratory).
Structure determination, model building, and refinement. Diffraction data for the complex containing the shorter peptide were processed with the HKL2000 suite (33) , and a molecular replacement solution consisting of two Fab molecules per asymmetric unit was obtained using PHASER (30) . Model building was carried out using COOT (13) , and refinement was performed with PHENIX (1). Final data collection and refinement statistics are presented in Table 1 . The Ramachandran plot as determined by MOLPROBITY (10) shows 96.9% of all residues in favored regions and 99.8% of all residues in allowed regions. All structural images were created using the PyMol molecular graphics system, version 1.1 (Schrödinger, LLC).
The diffraction data for the complex containing the longer peptide were processed with the HKL2000 suite (33) , and initial refinement used the coordinates of the complex containing the shorter peptide as the model (the same reflections were used in both test sets). Model building was done in COOT (13) , and refinement was performed with PHENIX (1) . Final data collection and refinement statistics are presented in Table 1 . The Ramachandran plot as de- 
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termined by MOLPROBITY (10) shows 96.3% of all residues in favored regions and 99.9% of all residues in allowed regions. Surface plasmon resonance. All surface plasmon resonance (SPR) experiments were carried out on a Biacore 3000 instrument (GE Healthcare, Chalfont St. Giles, United Kingdom). For the detection of 101F binding to RSV F, a trimeric RSV F glycoprotein stabilized with a fibritin trimerization motif (31) was covalently coupled to a CM5 chip at 600 response units (RU), and a blank surface with no antigen was created under identical coupling conditions for use as a reference. 101F Fab was serially diluted 2-fold, starting at 25 nM, into 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% polysorbate 20 (HBS-EP) and injected over the immobilized F glycoprotein and reference cell at 50 l/min. The surface was regenerated with 100 l of 10 mM glycine (pH 1.5) at a flow rate of 100 l/min. The data were processed with SCRUBBER-2 and double referenced by subtraction of the blank surface and a blank injection (no analyte). Binding curves were globally fit to a 1:1 binding model, and the equilibrium dissociation constant, K d , was calculated by dividing the dissociation rate constant by the association rate constant.
For the detection of 101F binding to peptide, 101F IgG was covalently coupled to a CM5 chip at high density (2,150 RU), and a blank surface with no antigen was created for use as a reference. N-terminally acetylated peptide with the sequence STASNKNRGIIKTFSNGGSYGTETSQVAPA was serially diluted 2-fold, starting at 100 M, into HBS-EP and injected over the immobilized 101F IgG and reference cell at 40 l/min. Data were processed with SCRUBBER-2 and double referenced by subtraction of the blank surface and a blank injection. Determination of the off and on rates was not reliable due to the very fast kinetics. The equilibrium response was plotted as a function of peptide concentration and fit to a single binding-site model to determine the K d (Prism; GraphPad Software Inc., San Diego, CA).
Protein Data Bank accession numbers. The atomic coordinates and structure factors for the 101F/peptide complexes have been deposited in the Protein Data Bank under PDB accession codes 3O41 and 3O45.
RESULTS

Structure of 101F Fab bound to its RSV F epitope peptide.
Recombinant murine 101F IgG was expressed in HEK293 cells with an average yield of 8 mg/liter. RSV neutralization assays (31) demonstrated that the recombinant 101F IgG potently neutralized RSV with an EC 50 (0.17 nM) ϳ3-fold lower than palivizumab (see Fig. S1 in the supplemental material). Treatment of 101F IgG with the protease ficin produced Fab fragments that could be purified to homogeneity, and these were used to facilitate crystallization.
101F Fab was incubated with a molar excess of peptide corresponding to residues 422 to 436 of the RSV F glycoprotein A2 strain (accession number P03420.1), with Cys422 replaced by Ser to prevent disulfide bond formation (STASNK NRGIIKTFS). This peptide was chosen because it was shown to give the highest 101F-binding signal in an enzyme-linked immunosorbent assay (ELISA) (44) . The 101F Fab/peptide complex was screened against 576 crystallization conditions, and crystals formed under multiple conditions. After optimization, crystals of the complex in space group P2 1 2 1 2 1 diffracted X-rays to 1.95 Å. A molecular replacement solution was obtained containing two Fab molecules per asymmetric unit by using fragments from three Fab structures as search models (20, 34, 42) . Initial maps showed continuous electron density near the Fab combining region that we modeled as peptide. The high resolution of the data allowed for unambiguous placement of the peptide (see Fig. S2 in the supplemental material), and the structure was refined to an R crys /R free ratio of 17.7%/21.7%. Data collection and refinement statistics are presented in Table 1 .
The N-terminal five amino acids of the peptide were disordered in the structure, and weak electron density was observed for Lys427. The C terminus of the peptide, Ser436, was very well ordered and bound near the middle of the 101F combining region (see Fig. S2 in the supplemental material), suggesting that the complete 101F epitope may extend several residues beyond Ser436. To investigate this, we crystallized 101F Fab in complex with a longer peptide that included RSV F residues Asn437 and Gly438. These crystals diffracted X-rays to 2.87 Å, and the structure was refined to an R crys /R free ratio of 20.0%/25.4% (Table 1; Fig. 1A ). Asn437 was well ordered in both molecules in the asymmetric unit, but Gly438 was only ordered in one and it made no contacts with 101F. Thus, based on the structure, the linear 101F epitope spans RSV F residues 427 to 437 (KNRGIIKTFSN). This is similar to the minimal 101F epitope defined by peptide mapping, which consisted of residues 423 to 436 (44) . In our structure, however, we did not observe electron density for residues N-terminal to Lys 427. Therefore, if these residues do bind 101F, it's likely that these interactions are weak.
Interactions between 101F and the epitope peptide. To understand the structural basis for the binding of 101F to the RSV F glycoprotein, we analyzed the interactions between 101F and the peptide. The structure with the longer peptide 
VOL. 84, 2010 STRUCTURE OF 101F BOUND TO ITS RSV F EPITOPE PEPTIDE 12239
on February 15, 2017 by INSERM http://jvi.asm.org/ will be described unless noted otherwise. The peptide spans the length of the interface between the heavy and light chains, lying in a groove with sides formed by CDRL1 on one side and CDRH1 and CDRH2 on the other and a floor made up of the CDR3s from the heavy and light chains (Fig. 1A) . The Fabpeptide interface buries 1,361 Å 2 of surface area, with 734 Å 2 buried on the peptide, 395 Å 2 on the heavy chain, and 232 Å 2 on the light chain (as calculated by using PISA [23] ), values consistent with antibody-antigen interfaces (26) . The Fab-peptide interface also displays a high degree of shape complementarity, as indicated by its shape correlation (S c ) value of 0.70, which is higher than the standard range of 0.64 to 0.68 for antibody/antigen complexes (24) . The electrostatic potential complementarity, however, is weak, although a negatively charged pocket on CDRH2 formed by Asp H54 and Asp H56 binds the positively charged side chain of peptide residue Lys433 (Fig. 1B) . The high-resolution structure containing the shorter peptide allows for a detailed description of the interactions between 101F and the peptide, including the positions of six interface water molecules (Fig. 1C) . Starting at the N terminus of the peptide, the first ordered residue is Lys427 which, along with Asn428, makes only minimal contact with the 101F heavy chain. The side chain of Arg429, however, extends down toward 101F and makes a hydrogen bond with the carbonyl oxygen of Tyr H96 . and Asp L94 , which are part of an intricate network of hydrogen bonds involving three water molecules. In the complex with the longer peptide, Asn437 has approximately one-third of its accessible surface area buried by the 101F light chain but does not form any hydrogen bonds to the Fab.
The specific interactions observed in the crystal structure agree well with published biochemical data. Peptides containing a K433E, K433T, or R429E mutation were shown to ablate 101F binding (44) . In our structure, Lys433 makes a salt bridge with the side chains of both Asp H54 and Asp H56 (see Fig. 3  below) , and mutation to Glu or Thr would eliminate this interaction. Also in our structure, the side chain of Arg429 makes a hydrogen bond with the carbonyl oxygen of Tyr H96 and intercalates between the side chains of Tyr H96 and Tyr H100 . Although the R429E mutation could still preserve the hydrogen bond to Tyr H96 , the intercalation would be lost. In contrast, a peptide containing a K427E mutation had only a modest reduction in 101F binding (44) , consistent with our structure, which shows that the side chain of Lys427 makes no specific interactions with 101F.
The binding of 101F to mutant RSV F glycoproteins expressed on the cell surface has also been measured (25) . The largest decrease in 101F binding was observed for F glycoproteins containing mutations to Lys433. Modest reductions in binding were observed for conservative mutations to Ile431 (Ala, Leu) and Ile432 (Leu, Gln), consistent with our structure, which shows that the side chains of Ile431 and Ile432 do not make specific interactions with 101F but rather make hydrophobic contacts. No decrease in 101F binding was observed to F glycoproteins containing the mutation N428D or N428Q (25) , and this agrees well with the structure, which shows Asn428 makes only minimal contact with 101F. Thus, the structure of 101F in complex with its peptide epitope is consistent with cell-based F glycoprotein-binding data, suggesting that the peptide conformation observed in the crystal structure is similar to its conformation in the context of the F glycoprotein when bound by 101F.
Models of 101F bound to F glycoproteins. Although the structure of the RSV F glycoprotein has not yet been determined, crystal structures have been determined for related paramyxovirus F glycoproteins in both pre-and postfusion conformations (7, 37, 45, 46) . We sought to create models of 101F bound to these structures in order to identify possible mechanisms of neutralization. A multiple sequence alignment of paramyxovirus F glycoproteins was created to identify the residues corresponding to the 101F epitope and to assess the degree of conservation ( Fig. 2A) . We found a low degree of sequence homology in the region of the F glycoprotein corresponding to the 101F epitope, with the exception of Ile431, which is strictly conserved in F glycoproteins. Inspection of the available F glycoprotein structures revealed that this residue packs against the residue corresponding to Val442, which is also highly conserved (Val, Ile, or Leu) and lies just outside the 101F epitope.
Despite the low degree of sequence conservation, the 101F epitope as defined by the crystal structure maps onto an exposed loop in both pre-and postfusion structures (Fig. 2B) . Superposition of residues homologous to RSV F residues 428 to 436 showed that PIV5 and PIV3 are more similar to each other (root mean square deviation [RMSD], 1.10 Å for nine C␣ atoms) than they are to the 101F-bound peptide (RMSD for PIV5, 2.14 Å; RMSD for PIV3, 1.98 Å). This may reflect the higher degree of sequence conservation between PIV5 and PIV3, as well as conformational changes in RSV F resulting from 101F binding. Models of 101F bound to the F glycoproteins were generated by orienting the Fab via superposition of the bound peptide onto the corresponding epitope in the prefusion PIV5 and postfusion PIV3 F glycoprotein structures (Fig. 3) . The resulting models showed no major clashes between 101F and the F glycoproteins in either conformation, suggesting 101F binds the two conformations with similar affinity. In addition, the CDRH1, CDRH2, and CDRL1 loops are in close proximity to, or clash with, F glycoprotein residues located outside the linear epitope (Fig. 2C) . This suggests that the 101F epitope may be more complex than the previously defined linear region.
101F-binding affinity. To determine whether additional residues outside the linear epitope are part of the 101F-binding site, the affinities of 101F for the F glycoprotein and peptide were determined. SPR was used to measure the binding of 101F Fab to an immobilized F glycoprotein trimer (31) , and the K d was determined to be 3.6 nM (Fig. 4A) . Similarly, SPR was used to measure the binding of a peptide containing RSV F residues 422 to 438 to immobilized 101F IgG, and the K d was determined to be 58.4 M (Fig. 4B) . This approximately 16,000-fold difference in affinity supports the hypothesis that additional residues on the RSV F glycoprotein bind 101F and are required for the high-affinity interaction. Some fraction of this decrease, however, may also be due to the loss of conformational entropy that occurs when the flexible peptide adopts a single conformation upon binding 101F. Interestingly, a similar result has been observed for motavizumab, the more potent derivative of palivizumab, which binds the RSV F glycoprotein with a K d of 35 pM (43) 
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Temporal characterization of 101F neutralization. Based on our modeling, 101F binding appears compatible with both the pre-and postfusion conformations of the F glycoprotein, suggesting 101F may neutralize RSV by some mechanism other than preventing conformational changes in the F glycoprotein. Virus neutralization can be achieved by blocking virus entry at any of the steps between attachment and membrane fusion (Fig. 5A) . The receptor for RSV has yet to be identified, and even though the G glycoprotein is associated with attachment to glycosaminoglycans or C-type lectins, it is dispensable for RSV replication in vitro, though it appears to be important for replication in vivo (39) . To determine whether 101F blocks virus attachment to cells, RSV virions were incubated with increasing amounts of 101F prior to incubation with HEp-2 cells at 4°C. After washing away unbound virus, the amount of bound virus was measured by flow cytometry using an anti-RSV polyclonal antibody for detection. 101F had a negligible effect on virus attachment even at a concentration of 100 g/ml (Fig. 5B) . This was similar to the effect produced by palivizumab, which has been shown to inhibit fusion and not virus attachment (18) . In contrast, heparin is known to block the attachment of RSV to cells (17) , and it decreased the amount of bound virus by 80%, with an EC 50 of 0.019 g/ml. These data suggest that 101F does not neutralize RSV via attachment inhibition.
To determine whether 101F neutralizes RSV after virus attachment to cells, GFP-expressing RSV particles were incubated with HEp-2 cells at 4°C, a temperature that allows virus attachment but prevents membrane fusion. 101F was then added, and after incubation at the fusion-permissive temperature of 37°C, the amount of GFP expressed from the viral genome was quantified by flow cytometry. The addition of 101F decreased membrane fusion to background levels, with an EC 50 of 3.6 nM, which was similar to the palivizumab control (EC 50 , 7.8 nM) (Fig. 5C ). These data indicate that the 101F epitope is present after the virus attaches to cells and that 101F neutralizes RSV by blocking one of the steps after virus attachment.
DISCUSSION
Passive prophylaxis with neutralizing antibodies such as palivizumab is currently the best method for preventing severe disease caused by RSV. We hypothesize that structural characterization of the epitopes on the RSV F glycoprotein targeted by these antibodies will help elucidate their mechanism of action and facilitate the design of more potent antibodies and epitope-specific vaccines.
The 101F epitope on the RSV F glycoprotein is a common target of neutralizing antibodies (3, 5, 28) . Antibodies targeted to this site have produced several antibody escape mutations in the F glycoprotein, such as R429S, I432T, K433T, and S436F (3, 28) . All four of these residues are observed in our crystal structure of 101F Fab bound to its epitope peptide, and each makes contact with 101F. Thus, although the complete epitope likely includes residues located outside the linear region, the location of the escape mutations suggests that the peptide represents a majority of the epitope. Additionally, as these known escape mutations for other RSV neutralizing antibodies are predicted to disrupt 101F binding, a common binding mode is suggested for antibodies targeted to this antigenic site.
After paramyxoviruses attach to the cell, triggering of the prefusion state leads to formation of a prehairpin intermediate, wherein the fusion peptides are inserted into the target cell membrane. The target cell membrane and viral membrane are pulled into close proximity as the prehairpin intermediate collapses into the hairpin intermediate and the six-helix bundle begins to form. The membranes then fuse as the fusion glycoprotein adopts the postfusion conformation. During the entry process, there are several steps which neutralizing antibodies can block, including attachment, triggering, and transition of the fusion glycoprotein to the postfusion state. We have demonstrated that 101F does not block virus attachment over a wide range of concentrations (Fig. 5B ), which agrees with recently published data showing a similar result at a single antibody concentration (29) . We have also shown that 101F is capable of preventing infection once the virus has attached to the cell (Fig. 5C ). This narrows the window of 101F neutralization to some point between triggering of the fusion glycoprotein and transition to the postfusion state. In addition, since our modeling studies show that 101F binding is compatible with both the pre-and postfusion states (Fig. 3) , 101F is predicted to bind all forms of the fusion glycoprotein, including intermediates. Thus, we propose that 101F also does not prevent triggering but rather prevents adoption of the postfusion conformation due to its bulk in the context of the cell and viral membranes.
Classical approaches to creating an RSV vaccine have been unsuccessful thus far (40) , and alternative approaches are needed. One proposed method for creating vaccines against viruses that have resisted classical methods, such as HIV-1, is to use structural information of neutralizing epitopes to create immunogens that elicit antibodies targeted solely to those epitopes (12) . The structural information allows the epitope to be presented to the immune system in a conformation that enables binding, and thus elicitation, of neutralizing antibodies. This has been tried with some success with anti-HIV antibodies 2F5 and 4E10 (9) , which target linear epitopes in the membrane-proximal region of gp41. Although this approach may work for the 101F epitope when using the structural data presented here, our modeling and binding data suggest that residues located outside the linear epitope are required for high-affinity 101F binding. Thus, elicitation of 101F-like antibodies will likely require immunogens that consist of more than the linear portion of the epitope.
